The scientific study of obesity has been dominated throughout the twentieth century by the concept of energy balance. This conceptual approach, based on fundamental thermodynamic principles, states that energy cannot be destroyed, and can only be gained, lost or stored by an organism. Its application in obesity research has emphasised excessive appetite (gluttony), or insufficient physical activity (sloth), as the primary determinants of excess weight gain, reflected in current guidelines for obesity prevention and treatment. This model cannot explain why weight accumulates persistently rather than reaching a plateau, and underplays the effect of variability in dietary constituents on energy and intermediary metabolism. An alternative model emphasises the capacity of fructose and fructose-derived sweeteners (sucrose, high-fructose corn syrup) to perturb cellular metabolism via modification of the adenosine monophosphate (AMP)/adenosine triphosphate (ATP) ratio, activation of AMP kinase and compensatory mechanisms, which favour adipose tissue accretion and increased appetite while depressing physical activity. This conceptual model implicates chronic hyperinsulinaemia in the presence of a paradoxical state of 'cellular starvation' as a key driver of the metabolic modifications inducing chronic weight gain. We combine evidence from in vitro and in vivo experiments to formulate a perspective on obesity aetiology that emphasises metabolic flexibility and dietary composition rather than energy balance. Using this model, we question the direction of causation of reported associations between obesity and sleep duration or childhood growth. Our perspective generates new hypotheses, which can be tested to improve our understanding of the current obesity epidemic, and to identify novel strategies for prevention or treatment. (2011) 65, 1173-1189; doi:10.1038/ejcn.2011.132; published online 20 July 2011
Introduction
The scientific study of obesity has been dominated throughout the twentieth century by the concept of energy balance. This conceptual approach, based on fundamental thermodynamic principles, states that energy cannot be destroyed, and can only be gained, lost or stored by an organism (Hess, 1838; von Helmholtz, 1847) . Its application in obesity research has emphasised excessive appetite, or insufficient physical activity, as the primary determinants of the modification of energy balance leading to excess weight gain (Prentice and Jebb, 1995) , reflected in current protocols for obesity prevention and treatment. As we review below, this model cannot explain why weight accumulates persistently in individuals, rather than reaching a plateau when weight gain re-establishes the balance between energy intake and expenditure. The energy balance approach also underplays the effect of particular dietary components (for example, carbohydrates, amino-acids and fatty acids) on energy metabolism and fuel oxidation.
Much obesity research, summarised below, has therefore focused on the link between metabolism and excess weight gain. Such research has focused on the hormonal basis of appetite regulation, digestion, molecular signalling and cellular energetics, approaches that collectively also aid understanding of the effects of the various genetic factors that have been associated with obesity risk. For example, the 'metabolic flexibility' model emphasises the capacity to switch efficiently between glucose and fatty acids as the main cellular fuels, in the maintenance of energy homeostasis during perturbations of energy supply/demand or manipulations of dietary macronutrient composition (Storlien et al., 2004) . Both a diet rich in refined carbohydrate and sedentary behaviour are proposed to perturb this metabolic flexibility (Corpeleijn et al., 2009) . Chronic elevated insulin levels in response to a diet high in refined carbohydrate have been proposed to represent a core mechanistic feature of persistent excess weight gain in this conceptual model (Lustig 2006a (Lustig , 2008 Taubes, 2008) , potentially generating a novel approach to obesity prevention and treatment.
We review and develop this discussion in several ways, by describing the mechanisms relating to fructose/sucrose intake and their effects on insulin and intermediate metabolism. Building on the work of others, we consider how the energy balance model may have overemphasised certain environmental factors relevant to the aetiology of obesity, potentially reducing the likelihood of developing appropriate public health campaigns to address the rising prevalence. We then consider two specific examples (sleep and growth) where the apparent direction of causation with obesity may be the reverse of that which is commonly assumed.
The aim of our review is not to claim that our revised model is correct or definitive, but rather to stimulate researchers to acknowledge that the direction of causation in obesity aetiology is less clear than is commonly assumed. Nothing that we propose in this article contradicts the laws of thermodynamics or the energy balance equation; rather, we follow others in questioning whether simplified interpretation of the energy balance equation can become misleading with regard to obesity causation. We suggest that if empirical work specifically addresses this dilemma, regardless of which model proves most compatible with data, the evidence base for obesity prevention is likely to improve.
Energy balance
The concept of energy balance has had an important role in many aspects of physiological research, and thermodynamic principles underlie diverse methodologies for studying energy metabolism and body composition (Hess, 1838; von Helmholtz, 1847) . Its central role in the study of human obesity has remained essentially unquestioned: excess weight gain must co-occur with positive energy balance, when energy intake exceeds energy expenditure:
Energy intake 4 energy expenditure ) weight gain This simple mathematical equation seemingly directs attention to two essential causes of obesity: chronic overeating or chronic low-energy expenditure, usually considered to derive from sedentary behaviour. These supposed causes are often attributed to individual responsibility by being labelled as 'gluttony' or 'sloth' (Prentice and Jebb, 1995) .
Numerous epidemiological or physiological studies have attempted to identify which of 'gluttony' or 'sloth' is the primary driver of the current obesity epidemic. Some favour the hypothesis that an energy-dense diet, or poor regulation of appetite, drives over-eating (Blundell et al., 1996; Prentice and Jebb, 2003; Woods and D'Alessio, 2008) . Others favour the notion that physical activity levels have declined in recent decades (Ferro-Luzzi and Martino, 1996; Bar-Or et al., 1998; Goran and Treuth, 2001) , such that the food consumed is not being burned off by sufficient physical work. In terms of evidence, there is marginally more data in favour of the first than the second of these hypotheses, but neither is compelling. Energy intakes are reported to have declined in some populations (Briefel and Johnson, 2004) , but are notoriously difficult to assess, while objective data on physical activity trends are sparse, and the evidence remains unconvincing (Westerterp and Speakman, 2008) . One recent study attempted to calculate retrospectively the 'energy balance gap' on the basis of isotopic measurements of energy expenditure, and concluded that substantial secular increases in energy intake were responsible (Swinburn et al., 2009) . Those working at the mechanistic level increasingly direct their attention to the brain and appetite dysregulation (Schwartz and Morton, 2002) . In support of this hypothesis is the fact that rare genetic mutations associated with obesity tend to impact on appetite regulation pathways (O'Rahilly et al., 2003) , while commoner genetic variants such as the FTO gene also impact on appetite .
The concept of energy balance is likewise fundamental to many current approaches to obesity treatment. Dietary management attempts to reduce energy intake while holding energy expenditure constant, whereas the promotion of exercise attempts to increase energy expenditure while holding energy intake constant, or simultaneously reducing it. Each of these approaches targets voluntary behaviour, indicating a belief that energy stores can readily be manipulated by purposive changes in eating patterns or leisure habits. Behavioural obesity prevention uses the same approach, and simply attempts to avoid the onset of 'gluttony' or 'sloth'. Pharmaceutical management in contrast directly targets metabolism, seeking for example to block fat absorption or signals of appetite or satiety (Padwal and Majumdar, 2007) , while surgical management seeks to physically constrain the capacity for energy absorption (Maggard et al., 2005) by modifying the anatomy of the gastro-intestinal system. These latter treatments therefore seek to bypass voluntary behaviour. However, for obvious reasons, neither pharmaceutical nor surgical approaches are used in general obesity prevention, which therefore relies entirely on behavioural approaches.
Despite their theoretical logic, neither behavioural prevention nor behavioural treatment is generally successful in practice, and while some programmes generate modest weight loss, bariatric surgery is currently the most effective treatment. The most obvious indication of the failure of behavioural prevention is that obesity is increasing in most populations, and in most age groups (Popkin, 2007) . Confronting this scenario, many clinicians question the motivation of individuals to adhere to their treatment regimen. Alarmed at the burgeoning budget implications, governments meanwhile urge people to eat less and exercise more (for example, the UK government's 'Change4life' campaign).
The energy balance model has major limitations for 'explaining' obesity (Wells, 1998) . In the majority of individuals, excess weight gain occurs at an average rate of a few grams per day, equivalent to 1-2 kg per year. Such weight gain is trivial relative to the accuracy and precision of energy metabolism and body composition methodologies, preventing studies from measuring day-to-day changes and attributing obesity specifically to one of the two candidates, 'gluttony' or 'sloth' (Wells, 1998) . Furthermore, it is not clear why such energy imbalance does not simply result in restabilisation of body weight at a slightly higher level. Both lean and fat tissue contributes to total energy expenditure (Garby et al., 1988) . If energy intake initially exceeds energy expenditure, the resulting increase in body weight should increase energy expenditure until body weight plateaus at a higher level. Several studies have reported high rates of total energy expenditure in obese adults (Prentice et al., 1986) and children (Bandini et al., 1990; Treuth et al., 1998) , while also at low levels of physical activity (Ekelund et al., 2002) . Why do those with such high absolute energy expenditure continue both to gain weight and to increase their energy intake? Thus, despite decades of research, the energy balance approach has not actually revealed why some people continuously accumulate excess weight.
Thermodynamic theory cannot be wrong, but it is possible that it has been wrongly applied in the scientific study of obesity. Recently, Lustig (2006a Lustig ( , 2008 challenged the direction of causality in the energy balance model, by arguing that hyperinsulinaemia is the primary metabolic derangement leading to excess adiposity, either via an impairment of insulin signalling in the liver, or via a perturbation of signalling of leptin action in the brain. Taubes (2008) developed a similar hypothesis, and argued that the energy balance model detracts attention from links between dietary composition, cellular metabolism and chronic weight gain. Here, we build on their approach by proposing a more comprehensive mechanism whereby contemporary dietary components can determine metabolic, cellular-specific (hepatic, neuronal) perturbations and more prolonged increases in insulin levels. We then consider the implications of this approach for interpreting the epidemiology of human obesity.
Energy balance or energy imbalance
What is remarkable about the development of human obesity is that, over long time periods and in most individuals, millions of calories of energy intake very nearly balance millions of calories expended (Taubes, 2008) . The caloric difference in energy intake versus requirements that permits weight gain is proportionally miniscule-for many, it is equivalent to half a biscuit per day, or a few minutes less walking. Table 1 shows numerically the extent of caloric imbalance required to alter body weight by 1 kg over a specific time period, through changes in physical activity. For example, if a subject on a stable energy intake replaced 1 h of sitting with 1 h of sleeping every day, equivalent to a daily caloric imbalance of 18 kcal (corresponding to the energy contained in a quarter of a digestive biscuit), the cumulative addition of 372 sleeping hours (lasting B1 year) would increase body weight by 1 kg. However, given that the extra weight would also increase resting and total energy expenditure, it would in fact take longer to gain 1 kg. At some periods in the life course, and in some individuals, weight increases more rapidly. Puberty, for example, involves rapid weight gain, and has been identified as a 'critical period' for the development of obesity because such weight gain may involve substantial increases in adiposity (Dietz, 1994) . Any theoretical explanation for obesity must therefore be able to account for both 'slow-trickle' and 'rapid-onset' pathways to obesity, even if different exposures and metabolic pathways contribute in different individuals and at different times.
Paradoxically, even moderate rates of weight loss are remarkably difficult to achieve through voluntary behaviour. Most people find it difficult to diet, because when doing so they tend to feel tired and hungry (Laessle et al., 1996) . When people exercise more, their appetite may increase to compensate for the energy depletion, although this response varies between individuals (Hopkins et al., 2010) . The difficulty of voluntarily inducing weight loss indicates that our predisposition to energy balance is far more remarkable than the minor energy imbalance that underlies weight gain (Taubes, 2008) . This paradox can be resolved if we shift attention away from energy balance itself, and consider instead some important metabolic mechanisms underlying fat deposition and oxidation.
Metabolic approaches to obesity
Research into the metabolic basis of obesity has a long history, with a notable early contribution being the discovery that the hormone insulin regulates metabolism and promotes the deposition of lipid in adipose tissue (Berson and Yalow, 1965; Ganong, 1999) . Since then, a number of different avenues have been explored.
An important breakthrough was the discovery of the hormone leptin in the 1990s, subsequently shown to signal energy stores to the hypothalamus, and to constrain appetite while increasing energy expenditure (Woods and Seeley, 2000) . Although rare mutations in the leptin gene are associated with morbid obesity (Montague et al., 1997) , the vast majority of obese humans have high leptin levels. This is widely interpreted as obese individuals being resistant to leptin's effects, but whether leptin resistance induces obesity or vice versa remains controversial (Myers et al., 2010) . Related work includes a number of studies, which have identified other signalling molecules involved in the regulation of energy metabolism (Schwartz and Morton, 2002; Morrison and Berthoud, 2007) . This work also allows investigation of the physiological effects of the various genotypes that have been associated with obesity risk. A number of genetic disorders have now been associated with obesity (Polychronakos and Kukuvitis, 2002; Haig and Wharton, 2003; Walter and Paulsen, 2003) , as have a range of metabolic disorders (Reinehr, 2010; Repaci et al., 2011) . However, the global obesity epidemic is clearly driven primarily by environmental factors rather than changes in the frequencies of these rare conditions, and changes in lifestyle, whatever their biological mechanism, must play the key role.
Other researchers have focused on the variable effects of different macronutrients on metabolism. Variability in the glycaemic load of foods affects subsequent changes in blood glucose levels, and hence the insulin response (Foster-Powell et al., 2002) . Understanding of this effect has led to low glycaemic load diets, whereby high intakes of fat and protein appear to promote satiety . Others have focused on the effects of diets containing fructose, or sucrose-containing drinks, on the predisposition for obesity Bray et al., 2004; Lustig, 2006b; Stanhope et al., 2009; Bray, 2010) . The relationship between diet and weight gain remains controversial, however, because similar levels of weight loss were reported in a study which randomised obese individuals to low-calorie diets of different macronutrient composition . One possible explanation is that studies of diet and weight loss, where individuals attempt to comply with a specific regime, may be a problematic model for understanding the role of diet in weight gain in the general population. Another possible explanation is that multiple factors, including genotype and developmental experience, may affect the response to any given diet.
The importance of developmental experience is demonstrated in many studies by an inverse association between central obesity in childhood or adulthood and birth weight, although not all studies show this association (Wells et al., 2007) . This inconsistency may arise because whether birth weight induces later adiposity appears to be mediated by the effect of infant weight gain (Stanner and Yudkin, 2001) . Those born small who grow fast during childhood have a tendency not only to catch-up in size but to 'overshoot' (Ibanez et al., 2006) , as discussed below, although there is also heterogeneity in such growth patterns. Thus, early hormonal adaptations arising from such early growth patterns may affect metabolic sensitivity to subsequent diet.
Recently, the effect of gut flora on energy metabolism has also been investigated, highlighting that individuals may differ in their capacity to extract energy from a given dietary intake. Two bacterial colonisers of the human gut, the Bacteroidetes and the Firmicutes, differ in their metabolic efficiency , such that obese individuals, who have a higher proportion of Firmicutes, have an The values indicate the number of calories per hour (in italic) and the number of hours (in bold) required to gain (grey area) or lose (white area) 1 kg body weight.
For example, to lose 1 kg requires replacing 642 h of sleeping with lying (difference 12 kcal/h), which at 1 h per day more lying would take almost 2 years. In contrast, the same weight loss could be achieved by replacing 14 h of sleeping with activity level F (difference 550 kcal/h), which at 1 h per day would take only 2 weeks. Each activity has been grouped into categories according to the metabolic energetic cost (kcal/h), using the following values: Sleeping ¼ 60; Lying ¼ 72; Sitting ¼ 78; Ainsworth et al. (1993) . An average caloric equivalent of 7700 kcal has been adopted for the cost of 1 kg of weight lost and 6700 kcal for the cost of 1 kg of weight gained (Wishnofsky, 1958) .
enhanced capacity to harvest dietary energy and hence gain weight more readily. This brief summary shows that metabolic causes of weight gain have been investigated through a number of avenues, and at several different levels of biology. The proposition that metabolism influences the propensity for weight gain emerges in each of these contexts, and the discussion of fructose metabolism that follows therefore builds on this previous work.
Metabolic flexibility and the regulation of fuel supply Notwithstanding the role of the brain in regulating energy balance (Schwartz and Morton, 2002) , the dynamic processes regulating cellular metabolism are also critical (Lustig, 2006a; Taubes, 2008) . Healthy individuals are characterised by a high metabolic flexibility, which refers to the ability to shift readily between glucose and free fatty acid oxidation as a source of cellular fuel supply during perturbations of energy supply (Storlien et al., 2004) . There is increasing evidence that chronic elevation of circulating insulin levels may disrupt this normal flexibility of insulin-responsive (hepatic, muscular and fat) cells (Bickel, 2004) .
Insulin is an anabolic hormone. When insulin levels increase in response to raised plasma glucose levels, glucose oxidation is activated to restore cellular energy levels, while the surplus energy is stored via the stimulation of glycogenesis (limited storage capacity) and lipogenesis (unlimited storage capacity) (Saltiel and Kahn, 2001 ). However, Lustig (2006a) and Taubes (2008) hypothesised that chronically high insulin levels, induced by certain diets, may disrupt this cellular metabolic regulation.
Sucrose, or table sugar, is composed of 50% glucose and 50% fructose. Taubes (2008) proposed that diets high in sucrose induce a state of 'cellular starvation', by reducing adenosine triphosphate (ATP) levels and increasing lactate production in fructose-disposing cells (enterocytes and hepatocytes), even when there is plenty of fuel stored in adipose tissue. According to his model, this cellular 'starvation' arises because the raised insulin levels prevent lipolysis and fatty acid oxidation, making the energy already available in adipose tissue temporarily 'invisible' to cellular energy demand (Taubes, 2008; Tappy and Le, 2010) . The elevation of lactate concentration, which follows fructose ingestion increases the rate of hepatic gluconeogenesis, and contributes to the cellular depletion of ATP (Johnson et al., 1989; Caton et al., 2011) . As a consequence, high levels of insulin in response to the raised plasma glucose impact indirectly on the brain to generate feelings of hunger and tiredness through a rapid decline in fuel availability for motor activities in the peripheral tissues, while at the same time the fructose generates systemic effects on ATP levels, depleting cellular energy availability (Johnson et al., 1989; Cha et al., 2008) .
Recent data provide support for this model, and the similar model of Lustig (2006a) , and illustrate in greater detail how diets high in refined carbohydrate perturb metabolic flexibility. Fundamental to this deleterious effect is the complex metabolic profile of sucrose and high-fructose corn syrup (HFCS), which contain 50:50 or 55:45 ratios of fructose to glucose, respectively, and which are commonly used as sweeteners in soft drinks and baking products. These substances are important because they are key to the hyperinsulinaemia that can drive chronic weight accumulation (Lustig, 2006b ).
Fructose and metabolic flexibility
The metabolic capacity of the human liver allows rapid processing of glucose, but becomes defective when challenged by large amounts of fructose (Basciano et al., 2005) . A physiological model of the effects of fructose on intermediate metabolism is described in Figure 1 . At low intakes, fructose has beneficial effects on glucose disposal by increasing glucose uptake via an increased translocation of glucokinase from the inactive-nuclear form to the cytosolicactive form (VanSchaftingen et al., 1997) . However, an excess of fructose floods the glycolytic pathway with lipogenic precursors (glycerol-3-phosphate, acetyl-co-A) by bypassing the regulated step in the pathway catalysed by the enzyme phosphofructokinase (Underwood and Newsholme, 1965; Mayes, 1993) . Fructose increases the production of lactate by an increased conversion of pyruvate by the enzyme lactic dehydrogenase (Sahebjami and Scalettar, 1971) .
The increased availability of lipogenic and gluconeogenic molecules (pyruvate, glycerol phosphate, acetyl-co-A, lactate and fatty acids), lipogenesis activators (sterol receptor element binding protein 1C) and gluconeogenesis activators (sirtuin 1) induce an insulin-independent increase in de novo hepatic lipogenesis and gluconeogenesis, a metabolic effect observed during fructose supplementation experiments in animals (Noguchi and Tanaka, 1995; Commerford et al., 2002; Matsuzaka et al., 2004) and humans (Mayes, 1993; Dirlewanger et al., 2000; Stanhope et al., 2009) . In addition, the rapid metabolism of fructose and the activation of energy-demanding processes increase the adenosine monophosphate (AMP):ATP ratio (Leclerc et al., 1998; Muoio et al., 1999; Cha et al., 2008) . This paradoxical state of cellular starvation activates the catabolic enzyme AMP-kinase which, in trying to replenish the cellular ATP levels, orchestrates a series of different oxidative mechanisms including glucose and lipid oxidation and the activation of glycogenlysis (Dzamko and Steinberg, 2009 ). This can further contribute to the reduced availability of metabolic substrates determined by the high insulin levels.
A proportion of the endogenous glucose is then released into the circulation to enrich the already replenished plasma glucose, which prolongs insulin secretion by the pancreatic beta cells. The sustained hyperinsulinaemia elicits a systemic anabolic drive, which stimulates fat accumulation in adipose tissue and skeletal muscle. The paradoxical state of cellular energy depletion may be interpreted by the brain as a state of energy deprivation, increasing appetite and energy intake via an activation of AMP kinase (Cha et al., 2008) . In rats, for example, central administration of fructose increases appe-tite and energy intake (Cha et al., 2008) . The rapid decrease in ATP levels associated with fructose metabolism is assumed to activate AMP kinase and inhibit the down-stream production of malonyl-co-A, a known appetite suppressant (Wolfgang et al., 2007) . This in turn leads to stimulation of the anorexigenic neurocircuitry (decreased levels of cocaine and amphetamine-regulated transcript and proopiomelanocortin) in the hippocampus, and increased activity of the orexigenic pathway (reduced levels of neuropeptide Y and agouti-related peptide) (Cha et al., 2008) .
The long-term metabolic effects of fructose intake are still only partially known. Studies in rats have demonstrated that short-term exposure to a high-fructose diet was fully metabolically compensated, however, the animals became hyperinsulinaemic and insulin resistant after 2-5 weeks exposure (Pagliassotti and Prach, 1995; Pagliassotti et al., 1996) . A recent study in overweight/obese human adults over 10 weeks showed that fructose-sweetened, but not glucose-sweetened, beverages increased de novo lipogenesis, promoted dyslipidaemia, decreased insulin sensitivity and increased visceral adiposity (Stanhope et al., 2009) . However, while this recent research has focused in particular on fructose, it is dietary sucrose and HFCS that are the likely key culprits in the human diet, because the detrimental effects of fructose are exacerbated in the presence of glucose because of its induction of insulin secretion (Lustig, 2006a; Taubes, 2008) . Thus, this approach highlights refined carbohydrates as potentially key to chronic fat deposition. Figure 1 Description of the physiological mechanisms linking fructose metabolism to sleep regulation and food seeking behaviour. Fructose is rapidly absorbed in the small intestine and transported, via the portal system, to the liver. Fructose passively diffuses into the hepatocyte using an insulin-independent carrier (GLUT 5) and is transformed into fructose-1-phopshate by the action of the enzyme fructose kinase. Fructose-1-phosphate bypasses the critical regulatory step of glycolysis and stimulates de novo lipogenesis (DNL) and gluconeogenesis, which lead to the formation of triglycerides (TG) and endogenous glucose, respectively. The high energetic cost of these metabolic pathways and the reduced oxidative phosphorylation produce an increase in the AMP/ATP ratio. This is sensed by the cells as a state of cellular energetic starvation, which in return activates counter-regulatory mechanisms to re-establish normal levels of cellular energy. The glucose produced by the liver (endogenous) will be released into the circulation to increase the glucose plasma pool, which prolongs insulin secretion by the pancreatic beta cells. Insulin elicits an anabolic drive on systemic metabolic functions directly via endocrine effects, and indirectly via a reduction of sympathetic tone (ST) and activation of parasympathetic tone (PT). These actions increase TGs uptake and storage in the adipose tissue and glycogen and TGs deposition in the muscular tissue. These metabolic processes impose a high energetic demand on the freely available energy (ATP) which, combined with the sustained anabolic drive and lack of activation of energy-producing processes (beta oxidation, glycolysis), determines a paradoxical state of reduced energy availability. The increase in the AMP/ATP ratio is sensed by the brain as a lack of available energy resources which, despite the increase in circulating levels of leptin, increases food seeking behaviours and sleep curtailment. In the long term, a high-fructose diet can potentially lead to further expansion of the fat depots in adipose tissue, skeletal muscle and liver and increase the release of free fatty acids from visceral adipose tissue, which can negatively influence insulin signalling and cause the development of a state of insulin resistance. The main characteristics of this state are reduced glucose uptake by insulin-sensitive tissues, increased hepatic gluconeogenesis and leptin resistance (LR) (dashed lines). CNS, central nervous system; FFA, free fatty acids; VAT, visceral adipose tissue.
Reinterpreting the logic of energy imbalance According to this metabolic perturbation model, 'gluttony' and 'sloth' need not be causal to excess weight gain. Instead, the causation would work in the opposite direction, with the perturbed cellular metabolism driving fat deposition while simultaneously inducing hunger and tiredness (Lustig, 2006a; Taubes, 2008) . This could account for widespread epidemiological associations between apparent 'obesogenic behaviours' and obesity, but would make them symptoms of fat deposition, not causes. Low activity levels and hunger would not drive excess weight gain, but represent symptoms of the cellular starvation resulting from an anabolic rather than catabolic metabolism.
The proposition that positive energy imbalance is not causal to weight gain is likely, initially, to strike many obesity researchers as problematic. The problem derives, as discussed above, from the fact that the relationship between positive energy balance and weight gain is a truism, not an explanation, hence no direction of causation can be inferred. We therefore emphasise that reversing the conventional direction of causation does not contradict the energy balance equation, or the laws of thermodynamics. Rather, it re-evaluates the tripartite associations between behaviour, metabolism and weight change, and the key point of contention that emerges is the nature of 'obesogenic' behaviour. In Box 1, we illustrate these issues using an analogy of an inanimate vehicle to represent the body. The key issue is whether behaviour drives metabolism, or vice versa.
The contrasting cellular metabolic perturbation and energy balance models of obesity are illustrated in Figure 2 . Importantly, the model can also account for varying rates of excess weight gain, according to variability in dietary intake (in particular, refined carbohydrate) and its impact on the degree and persistence of hyperinsulinaemia. Insulin resistance might initially emerge in response to high insulin levels, in order to protect some tissues from glucose/insulin overload (Hoehn et al., 2009 ). This contrasts with the conventional approach, which assumes compensatory hyperinsulinaemia to develop in response to insulin resistance, but again, the temporal connection between these metabolic processes has yet to be established (Lustig, 2008) .
Under the influence of the energy balance model, scientific work on the hormonal basis of weight regulation has yet to reach widespread public understanding, a situation exacerbated by continuing emphasis on calorie counting, or 'balancing' dietary intake against physical activity practice. The tendency for treadmills in gyms to calculate calorie use during exercise, and for food labels to report the calorie content, ensures that most dieters still do count their calories. Beyond this, the other main public health message, powerfully supported by the food industry, is that low-fat diets protect against obesity, on the justification that fat is the macronutrient with the highest energy density. This then encourages dieters to consume high-carbohydrate diets. Clinicians are also often sceptical of obese patients who insist 'it's my glands', and may privately assume that dietary intakes are grossly under-reported, a hypothesis supported by objective data on energy expenditure obtained using stable isotope probes (Goris et al., 2000) . Yet these two facts are not in fact contradictory, if energy intakes excessive to energy requirements are directly induced by the composition of the habitual diet. In this case, the patient is correct in that his or her metabolism does contribute, while the clinician is correct because the patient consumes more calories than are required for weight stability. Taubes (2008) argued that the notion that excess weight gain is essentially the result of diet-induced hormonal perturbations is consistent with several strands of evidence. First, other states of positive energy balance are strongly Box 1 An analogy to illustrate the dual direction of causation between energy balance and energy stores To differentiate clearly the two possible directions of causality that emerge from the fundamental association between positive energy balance and gaining energy stores, we use an analogy between the human body and a motor vehicle. In this analogy, movement of the car is a proxy for physical activity, while filling the petrol tank is a proxy for dietary energy intake. How much petrol is in the tank (and we assume no upper limit) is a proxy for body fat stores.
From behaviour to energy stores Imagine a person who regularly uses the car, whenever there is somewhere she wants to go. Periodically, but only when the level in the tank is low, she refills the tank with petrol. At any given time, how much petrol is in the tank is a product of how far the car is driven, relative to when it is filled up, and this is the direct consequence of two sets of decisions (driving and filling) of the driver. If we wanted to change the amount of petrol in the tank, we could therefore advise the driver to change her driving or filling behaviour. This is an analogy of the 'energy balance' perspective on obesity, that voluntary behaviour is central to physical activity and dietary intake, and that body fatness reflects these behaviours.
From energy stores to behaviour Now imagine that the driver's inclination, both to take the car out and to refill it, is strongly influenced by whether she puts diesel or petrol in the engine. Filling with petrol allows the driver to drive as she wishes, and to fill up only when the tank is almost empty, whereas filling with diesel makes the car sluggish, so that she becomes bored with crawling slowly along, and yet paradoxically keen to fill the tank again. This is an analogy of the metabolic perspective, where the level of appetite and physical activity is sensitive to the metabolic effects of the diet. The driver's behaviour is in large part a consequence, not a cause, the fuel in the tank.
Neither of these perspectives contradicts the energy balance equation, and yet if the second version were actually true, applying the first version would ascribe too much influence on energy stores to voluntary decisions regarding physical activity and appetite. The second approach does not treat voluntary behaviour as unimportant in obesity prevention, rather it shifts attention from one target, 'how much people eat' to another: 'what they should eat'.
hormonally regulated, including pregnancy weight gain (Augustine et al., 2008) and childhood growth (Bogin, 1999) . Second, since the 1930s, European clinicians have used insulin and carbohydrate to fatten underweight patients (Taubes, 2008) , demonstrating a consistent effect of insulin across a wide range of body weight.
Excessive emphasis on energy balance as the primary 'explanatory' approach in obesity research may be a case of the tail wagging the dog. In this case, the dog may have been steadily gaining weight because too much attention has been paid to the tail, and not enough to the dog. We now review two widely reported epidemiological associations, between obesity and (a) sleep duration and (b) childhood growth rate, using the metabolic perturbation model described above to re-examine the direction of causation in these associations.
Obesity and sleep
The increasing number of studies associating sleep patterns with obesity risk has attracted considerable attention from the scientific community. In adults, such associations demonstrate poor consistency between studies, with reports variously of no association between sleep duration and body mass index, U-shaped associations or negative linear associations (Marshall et al., 2008; Patel and Hu, 2008) . Longitudinal studies show slightly greater consistency, although again the association may be U-shaped or linear, and the effect appears to indicate increased sleep constraining weight gain, rather than promoting weight loss (Marshall et al., 2008; Patel and Hu, 2008) .
In children, however, the evidence is much more consistent, with a wide variety of studies reporting a negative linear association between sleep duration and obesity risk (Marshall et al., 2008; Patel and Hu, 2008) A meta-analysis of data on over 630 000 children showed that, compared with children sleeping 410 h per night, the odds ratio of obesity was 89% in those sleeping less (Cappuccio et al., 2008) . Despite such consistency in the paediatric evidence, these findings are difficult to interpret, and their implications for public health policy remain uncertain.
Inverse associations between sleep duration and obesity risk challenge the 'sloth' hypothesis for obesity, because a seemingly higher level of physical activity (longer waking hours) is associated with positive energy balance. One possibility is that those sleeping less compensate by being less physically active during the day, and hence have lower overall energy expenditure per 24-h period. However, in our research in Brazil, we found that those sleeping less were actually more active, according to questionnaire assessments . The challenge to the 'sloth' hypothesis appeared more plausible, following research in adults that linked experimentally imposed short sleep duration with declines in leptin (a marker of satiety) and increases in ghrelin (a marker of appetite) (Spiegel et al., 2004) . Similar cross-sectional associations between sleep patterns and hormones emerged in a larger observational cohort (Taheri et al., 2004) . Thus, according to this model, low levels of sleep would predispose to weight gain by reducing satiety and increasing hunger, with these hormonal effects outweighing any minor increase in total daily energy expenditure because of longer waking hours. Experimentally Figure 2 Contrasting models of the causation of obesity. (a) In the traditional energy balance model, an imperfect 'match' between appetite and physical activity level causes positive energy balance, which is considered to drive changes in body weight through lipogenesis, thereby inducing insulin resistance and compensatory hyperinsulinaemia. Using this approach, public health policies emphasise decreasing dietary calories and increasing exercise to maintain the crucial 'match'. (b) In the metabolic perturbation model, either a diet high in refined carbohydrate or physical inactivity perturbs metabolic flexibility, such that high circulating insulin levels promote lipogenesis while also exposing muscle and fat cells to 'internal starvation'. This leads to hunger and lethargy, as symptoms rather than causes of the lipogenesis. Using this approach, public health policies emphasise the maintenance of metabolic flexibility through manipulating diet composition and increasing physical fitness.
Obesity and energy balance JCK Wells and M Siervo imposed sleep debt, for example, has been shown to perturb carbohydrate metabolism, with reduced glucose tolerance and raised evening levels of cortisol (Spiegel et al., 1999) . A causal role for short sleep duration in the population aetiology of childhood obesity might also seem plausible. For example, several studies have reported not only crosssectional associations of short sleep duration and obesity in adolescents, but also inverse associations between sleep duration and the amount of time spent viewing television Padez et al., 2009) . These data appear to indicate a replacement of sleep with television viewing, another behaviour widely associated with obesity risk (Robinson, 1999; Ekelund et al., 2006a) . In particular, children with a television in their bedroom have been shown to have an increased risk of being overweight (chi-Mejia et al., 2007) .
Nevertheless, we suggest caution is still required regarding the direction of causation in the paediatric sleep-obesity association. For some, such caution is advocated purely on account of the small magnitude of the effect. Horne has argued that relatively few individuals are short sleepers, that the magnitude of the effect of short sleep is modest (that is, the majority of short sleepers neither are, nor become, obese), and that interventions to remove the inferred effect of short sleep would make a negligible impact on the epidemic of childhood obesity (Horne, 2008) . Against this criticism, Young (2008) has responded that even when the magnitude of an effect is small in individuals, changes in the behaviour of an entire population may nevertheless shift a large number of people away from the 'danger zone'. He calculated the total proportion of childhood obesity attributable to short sleep to be 5-13%, and suggested that such figures would easily justify a public health policy response.
A biochemical perspective also suggests caution regarding causation is merited. At the cellular level, circadian clocks allow coordination of metabolic activities with diurnal environmental variation (Bray and Young, 2006) . The sensitivity of body weight and adiposity to seasonal changes in the duration of the light-dark cycle in animals elegantly illustrates the role of circadian clocks in regulating nutritional status (Bray and Young, 2006) . In humans, sleep deprivation induces detrimental effects on the metabolism of carbohydrate (reduced glucose clearance) and lipid (increased triglyceride levels), and night-shift work has been associated with an increased risk of the metabolic syndrome (Karlsson et al., 2001 (Karlsson et al., , 2003 Di et al., 2003) . But it is equally possible that disruption of metabolism may perturb sleep patterns. For example, adult type 2 diabetics tend to suffer from poor sleep quality and duration (Skomro et al., 2001; Cunha et al., 2008) . Thus, although sleep is increasingly associated not only with obesity but also with cardiovascular risk (Knutson, 2010) , it remains unclear whether short sleep duration exacerbates these risks, or whether those with perturbed metabolism are prone to each of sleep reduction, weight gain and elevation of metabolic risk. Nor can longitudinal studies necessarily determine which of sleep duration or metabolism, if related cross-sectionally at baseline, is the causal predictor of subsequent weight change.
Three decades ago, animal studies clearly demonstrated that patterns of sleep are strongly associated with the utilisation of circulating metabolites. 'Sleep is essentially a cyclic behaviour y (and) y the metabolic rate appears to be the primary cue in the onset of feeding' (Danguir and Nicolaidis, 1980a) . Rather than habitual sleep duration representing a behavioural 'choice', readily alterable on the basis of education and advice, we should therefore consider whether sleep patterns in the general population, especially children who have yet to develop the metabolic syndrome, might be the product of metabolic regulation.
Comparative studies of a variety of animal species have demonstrated strong correlations between sleep duration and metabolic rate, with small animals having higher metabolic rate also sleeping longer (Zepelin and Rechtschaffen, 1974) . 
This effect of body size is most probably primarily due to the effect of metabolism, with sleep duration increasing in relation to the rate of oxygen consumption (Figure 4) . Such an association between metabolism and sleep duration has been interpreted as sleep functioning to enforce rest, and thereby to constrain metabolic requirements (Zepelin and Rechtschaffen, 1974) , although the scatter of points around this line shows that individual species vary significantly in the strength of this constraint. Thus, broadly, larger mammals have relatively slower metabolism and require relatively less sleep. The greater size of obese individuals, who have relatively lower resting energy requirements per unit body weight because of their high adiposity (Hoffmans et al., 1979) Figure 3 Association between body weight and sleep duration in mammals. Larger body size is associated with reduced total sleep time. Based on data from Zepelin and Rechtschaffen (1974) .
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perform accurately when applied within a single species, this illustrates that changes in body size might feasibly alter sleep requirements, both in children and adults.
Aside from any direct effects of body size variability, which reflect allometric metabolic phenomena, the metabolic characteristics of weight flux represent another possible cause of sleep variability. A drastic reduction in sleep duration was a notable consequence of semi-starvation during the classic Minnesota starvation study in the midtwentieth century (Keys et al., 1950) . Animal studies have demonstrated this decrease to derive from nutrient availability at the cellular level. Experimental food deprivation decreased the duration of sleep in rats, while restoration of energy supply through glucose infusions restored normal sleep duration (Danguir and Nicolaidis, 1979) . Subsequent studies demonstrated the importance of lipid metabolism in this regulatory mechanism, by using infusions of insulin and adrenaline to reverse the normal association of sleep with the light-dark diurnal cycle (Danguir and Nicolaidis, 1980a) Other studies demonstrated that it was the uptake of nutrients, rather than their mere circulation, that impacted on sleep regulation (Danguir and Nicolaidis, 1980b) .
These rat studies demonstrated a clear link between the hormonal regulation of metabolism and sleep patterns, but their significance for humans may initially appear questionable if obesity is considered to arise simply from excessive energy intake, that is, positive energy balance. However, the model that we describe above, of cellular semi-starvation brought about by the perturbing effects of high circulating insulin levels on lipid metabolism, suggests a highly plausible hypothesis for metabolism disrupting sleep patterns. Lustig (2006b) has specifically suggested that a high-carbohydrate diet 'starves children's brains'. According to this logic, we hypothesise that dietary secular trends could be driving trends in children's sleep duration, rather than vice versa.
Thus, rather than short sleep duration causing obesity, those characterised by higher levels of ATP turnover (lipogenesis, gluconeogenesis) may exhibit as symptoms both weight gain and shorter sleeping hours ( Figure 5 ). Lower levels of sleep in obese children may represent merely a marker of the underlying metabolism that drives their weight gain, and if this is the case, there may be little basis for assuming that increased sleep duration (whatever other health benefits it might have) could reduce weight status. Indeed, if sleep is the product of metabolism rather than vice versa, how easily could such interventions be implemented in children? The causality of the sleep-obesity association therefore remains open to question, and merits further investigation.
Obesity, insulin and growth Rapid growth in infants and children has likewise been implicated in many studies as a risk factor for childhood or adult obesity Baird et al., 2005; Monteiro and Victora, 2005; Stettler et al., 2005; Dennison et al., 2006) . These studies have generated two findings of specific interest in the context of our discussion. Figure 5 Two contrasting models for the associations between sleep duration, childhood growth rate and excess weight gain or obesity. (a) The conventional energy balance model assumes weight gain to be the product of energy intake exceeding energy expenditure, resulting in the excess calories being stored in adipose tissue. High levels of adiposity then induce insulin resistance, and promote additional weight gain through a positive feedback cycle. High growth rates are considered to arise from increased appetite, and reduced growth rate has been advocated to reduce obesity risk . However, sleep patterns confound this model, by appearing to reduce energy balance (longer waking hours) while still promoting weight gain by impacting on appetite regulation. (b) The metabolic perturbation model assumes weight gain to be the consequence of perturbation of cellular energy metabolism by high circulating insulin, attributable to a high-sucrose diet. Insulin diverts energy to adipose tissue while disrupting the supply of fuel to muscle tissue. The cellular starvation then disrupts sleep patterns while also inducing faster growth, hunger and lethargy as symptoms rather than causes of weight gain. Studies are required to test which model is more robust. Figure 4 Association between resting oxygen consumption per unit body weight and sleep duration in mammals. A relatively higher resting metabolism is associated with longer sleep duration, suggested to indicate that sleep functions to constrain total metabolic requirements by reducing the high-energy flux portion of the day. Based on data from Zepelin and Rechtschaffen (1974) .
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The first finding is that while higher levels of childhood weight gain are ubiquitously associated with increased risk of subsequent overweight (Sachdev et al., 2005; Wells et al., 2005; Ekelund et al., 2006b; Metcalf et al., 2011) , obese children are also taller (Haroun et al., 2005; Wells et al., 2006; Metcalf et al., 2011) and have accelerated rate of maturation (Ong et al., 2009a; Wronka, 2010) . Thus, childhood obesity involves not just excess weight gain, but is also associated with faster linear growth and maturation.
The second finding is that rapid rates of weight gain in infancy may also be associated with the same outcomes, but with such associations widely reported in industrialised populations (Stettler et al., 2003; Ekelund et al., 2006b; Chomtho et al., 2008; Goodell et al., 2009) , but not in populations from developing countries (Li et al., 2003; Sachdev et al., 2005; Wells et al., 2005) . Thus, there appear to be two sensitive periods where growth rate, weight gain and later obesity are linked (Botton et al., 2008) , one of which is more variable between populations than the other. How growth and obesity are connected has not, however, been clarified.
Rapid growth in infancy is often associated with smaller maternal size and lower birth weight, which in turn is associated with intra-uterine growth retardation. For example, in the UK ALSPAC cohort, those growing rapidly in the first 2 years were small at birth and were more likely to be first-borns, and to have been gestated by mothers who smoked during pregnancy (Ong et al., 2000) . However, rapid infant weight gain in western populations is also associated with feeding mode, with formula-fed infants tending to gain weight faster than breast-fed infants (Dewey et al., 1993; Ong et al., 2009b) . Rapid weight gain in small versus normal weight babies may therefore represent two contrasting phenomena, and this may account for differences in the obesogenic consequences of rapid infant growth between industrialised and developing countries.
Although low birth weight has been widely associated with later insulin resistance, at the time of birth small-forgestational-age (SGA) neonates are insulin-sensitive (Soto et al., 2003; Mericq et al., 2005; Ibanez et al., 2009) . In absolute terms, SGA neonates have low insulin-like growth factor I (IGF-1) levels at birth (Randhawa and Cohen, 2005; Ibanez et al., 2009) , however, they also have higher levels of placental IGF and IGF-1 receptor levels (Iniguez et al., 2010) . Cord blood IGF-1 levels predict subsequent catch-up growth (Gohlke et al., 2010) , and furthermore IGF-1 levels increase rapidly after birth in SGA infants, but not in normal weight infants (Iniguez et al., 2006) . Insulin secretion at birth is predictive of subsequent length gains in SGA infants, whereas insulin sensitivity is more closely associated with weight gain and body mass index at 1 year (Soto et al., 2003) .
These early hormonal adaptations in insulin and IGF-1 metabolism appear to induce important effects later in childhood. Ibanez et al. (2006) found that initial catch-up growth benefitted length and lean tissue in SGA infants, and that excess weight gain, insulin resistance and central adiposity only emerged from 2 years of age. In other words, catch-up growth was initially beneficial, but could then undergo an overshoot, at which time excess fatness would accumulate. The notion of such an overshoot is supported by the fact that the magnitude of excess weight gain after 2 years was associated with the degree of catch-up in length in early infancy. We suggest that this overshoot indicates a key role for interactions between (a) early adaptations in the hormonal regulation of growth and (b) subsequent dietary composition, thereby elevating the risk of excess weight gain and childhood obesity.
Our model can potentially account for why both catch-up growth and formula-feeding may increase later obesity risk. On the one-hand, IGF-1 is upregulated during catch-up growth as discussed above, while on the other, early protein intake appears significant in promoting faster growth in formula-fed compared with breast-fed infants (Ziegler, 2006) , and may likewise do so through upregulating IGF-1 (Axelsson, 2006; Chellakooty et al., 2006; Larnkjaer et al., 2009) . In turn, levels of IGF-1 in infancy are predictive of both linear growth rate and subsequent adiposity (Ong et al., 2009b) . Hence, both catch-up growth and infant feeding mode are capable of upregulating IGF-1, and both of these early exposures may then interact with subsequent childhood diet. Importantly, such an interaction may be enabled by the structural similarity of insulin and IGF molecules, as noted by Taubes (2008) .
Insulin and IGFs are all members of the insulin protein 'superfamily', reflecting their evolution from an ancestral insulin gene early in chordate evolution (Chan et al., 1990) . They share a high degree of structural conservation, with 45% amino acid homology and substantial similarity in receptor structure and function (Kasik et al., 2000; Laron, 2004) . Insulin can bind with the IGF-1 receptor, although with a much lower affinity than that of IGFs (De Meyts et al., 1994) , while IGFs can likewise bind with the insulin receptor (White and Kahn, 1994) . We therefore hypothesise that a diet with high refined sugar content may increase the crossbinding activity of insulin and IGF-1 on the insulin receptors, thereby stimulating growth.
Although our model could operate simply by an interaction between upregulated IGF-1 and elevated insulin levels following a diet high in refined carbohydrate, more subtle effects could also occur, through modifications to gene expression. For example, a sub-chronic hyperinsulinaemic state could modify the expression of the insulin receptor gene, and increase the levels of expression of variant A compared with variant B. These two variants differ in their affinity for insulin and IGF-1, and in their effects on cellular function in terms of selectivity and specificity of action. The different levels of insulin receptors are given by a regulation of the splicing of the insulin receptor gene, which determines whether a small region (exon 11) will be translated and included in the insulin receptor molecule (variant B) or not (variant A) (Sesti et al., 2001) . Hyperinsulinaemia increases the expression of the variant A, which could explain increased efficiency of excess calorie disposal by canalising energy into tissue accretion and linear growth.
Rapid childhood growth could therefore simply represent a marker of dietary-induced hyperinsulinaemia, in children with upregulated IGF-1 exposed to high insulinogenic diets ( Figure 5 ). Although the first opportunity for such exposure could be the introduction of complementary foods in infancy, a significant increase in refined dietary carbohydrate is more likely to occur slightly later, when commercial sucrose-and HCFS-rich foods first enter the diet. This is consistent with recent reports suggesting that the obesity epidemic starts after infancy (Tate et al., 2006) , and may help explain why SGA infants only develop central fat and insulin resistance from around 2 years of age (Ibanez et al., 2006) .
In populations that catch up in infancy but remain unexposed to a sucrose-rich diet in childhood, our model suggests that the metabolic vulnerability to excess weight gain would not be activated, and no association between early growth and subsequent obesity would manifest. This is consistent both with literature from populations unexposed to the nutrition transition, and may also account for the proliferation of obesity in countries where low birth weight is common, and where the nutrition transition has also rapidly increased exposure to high-sucrose diets (Popkin, 2003) . Indeed, our model may help account for the 'doubleburden' of growth faltering and obesity (Doak et al., 2005) , as such growth-retarded individuals consuming a diet high in refined carbohydrate would expose their upregulated IGF-1 levels (induced by early catch-up growth) to the influence of chronically raised insulin levels, and hence express their potential risk of obesity. However, such a mechanism might be complemented by other mechanisms, for example a reduction in fat oxidation has also been proposed to contribute to obesity in stunted children from Brazil (Hoffman et al., 2000) .
Dietary trends in sucrose
To account for the emerging obesity epidemic, our model assumes rapid secular increases in the consumption of a high-sucrose diet. Such increases have indeed been documented, driven largely by trends in products containing conventional table sugar through the twentieth century, but also since the 1970s through rapid increases in HFCS (Duffey and Popkin, 2008) . HCFS consumption mirrors the rise of obesity in the United States (Bray et al., 2004) , although clearly such a correlation not sufficient to demonstrate causation.
Overall, sweetener consumption has increased by B90% in the last century and recent estimates suggest that HFCS now represents over 20% of total daily carbohydrate intake in the United States (Gross et al., 2004) . In addition, intakes in US children are high (Bleich et al., 2009) , with B25% of American children consuming more than the 25% recommended of total energy intake from sweeteners (American Dietetic Association, 2004) . As in adults, these beverages have also been implicated in excess weight gain (Bray et al., 2004; Malik et al., 2006; Bray, 2010) . Broadly, increases in refined carbohydrate consumption constitute a significant role in the nutrition transition (Popkin, 2009) , however, it remains unclear how important they are for the global obesity epidemic as the transition involves a number of related changes in dietary intake and physical activity behaviour. Nevertheless, this area strongly merits further research.
Significance for public health Our approach builds on recent insights by Lustig and Taubes to develop a model of obesity based on metabolic perturbation, rather than energy imbalance. What does this perspective imply for efforts to prevent and treat obesity?
The first implication is that the composition, rather than the quantity, of the food that we eat may be critical. The food industry is dominated by products rich in refined carbohydrate, for numerous reasons: sucrose and HFCS lend themselves readily to palatable foods that are easily stored, displayed and branded-all the processes whereby industry 'adds value' to food and thereby generates its profits (Nestle, 2007) as well as stabilising consumer demand. These products are central to the high glycaemic load that may generate chronic high insulin levels. At a secondary level, current dietary advice does not help, because although a low intake of refined carbohydrate is recommended, much attention is still given to dietary energy density and hence dietary fat intake (Taubes, 2008) . Products labelled, for example, 99% fat-free are typically rich in carbohydrate and therefore contribute to glycaemic load.
Recent evidence on the relative efficacy of different diets might appear to contradict such a focus on the importance of refined carbohydrates. Several studies have concluded that different diets may generate similar levels of weight loss (Astrup, 2001; Sacks et al., 2009) . However, evidence of associations between dietary composition and weight loss may have little relevance for understanding the role of diet in population weight gain, and may simply indicate a similar level of compliance across different treatment regimes, each of which may omit some of the key culprits for population weight gain. Furthermore, fructose-rich soft drinks are one of the product types most strongly implicated in excess weight gain (Bell and Sears, 2003; Sacks et al., 2009; Stanhope et al., 2009; Bray, 2010) .
The second implication is that an entire generation of obesity researchers may have been studying the symptoms, not the causes, of weight gain (Lustig, 2006b; Taubes, 2008) . Total energy intake and total physical activity level, seemingly so obviously the determinants of weight gain, might actually be somewhat peripheral to persistent population increases in body mass index, although enforced changes in diet and exercise would undoubtedly impact on energy balance. Diet and activity are undoubtedly critical for obesity, but persistent weight gain requires persistent metabolic dysregulation, whereas behavioural trends would be predicted to cause weight to increase and then plateau. The benefits of physical activity may, for example, interact strongly with those of reducing dietary refined carbohydrate. At the very least, we suggest that more attention is now paid to the overweight dog and less to the tail, where preventive and treatment effects based on the theory of energy balance remain unsatisfactory.
The third implication is that the current emphasis on the early origins of adult disease risk may be focusing attention unduly on the first component of a two-stage mechanism. There is now compelling evidence that birth weight is inversely associated both with faster infant growth (Ong et al., 2000) , and with the risk of many chronic degenerative diseases (Barker et al., 2009) . Some now specifically advocate slower infant growth to benefit cardiovascular health in later life ). Yet faster infant growth appears beneficial in developing countries, and benefits human capital . We speculate that many of the adverse consequences of rapid infant growth may be dependent on exposure to the hyperinsulinaemia that results from a diet high in refined carbohydrate. It may be more appropriate to target this diet, than infant growth rate (ideally regulated by breast-milk intake), in order to reduce long-term disease risk. In other words, we need to re-evaluate what proportion of public health initiatives should target on the one hand early development, and on the other hand the broader environment.
Our perspective offers many opportunities to test between two models of obesity causation, potentially improving understanding of its aetiology while also generating new opportunities for prevention, management and treatment. Indeed, it is the apparent 'truism' of the energy balance approach that has stifled attempts to challenge it as a hypothesis for obesity aetiology-contradictory results are rejected because the model 'must be true'. While interventions to promote sleep, reduce growth and constrain energy intake may all appear warranted on the basis of existing evidence, further analyses are required to identify which factors are actually causal. A key area for childhood obesity research would involve investigating possible alterations in sleep and growth outcomes according to dietary glycaemic load, to see if metabolism does indeed drive growth and sleep patterns, or vice versa.
It is highly unlikely, in the case of a complex condition such as obesity, sensitive to multiple genomic and environmental effects, that any one hypothesis can explain the entire epidemiology. Obesity is not a homogeneous phenotype, and there are multiple pathways to its development (Wells, 2009) . But if supported by further experimental evidence, the metabolic perturbation hypothesis can potentially explain a great deal about escalating national and global obesity epidemics, as well as epidemics of associated diseases, and could therefore offer new approaches to public health policies. At the very least, weighing up two hypotheses is a more scientific approach to data analysis than testing one only, and a more sceptical approach is likely to bring valuable returns. We re-emphasise that nothing proposed here contradicts the energy balance equation; rather we, following others, have questioned how a mathematical truism has been used to interpret obesity data. As shown in Figure 2 , reversing the direction of causation from the conventional approach still leaves diet and physical activity as central components of obesity prevention and treatment, and voluntary behaviour as a potential target for intervention, but through a different scientific logic, and therefore potentially through new public health policies. We argue that more rigorous tests of the direction of causation in obesity are likely to prove extremely valuable for improving efforts at prevention and treatment.
